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Abstract

Leaf N concentration is important because it is associated with theaG€milatory capacity of crops, and in grasslands,
itis an important determinant of forage nutritive value. Consequently, the productivity of both domestic and native animals in
future global environments may be closely linked to possible changes in leaf N concentration of grasses. Since grasslands are
frequently subjected to water-deficit or N-deficit conditions, it is important to investigate the interactive responses between
elevated [CQ] and these stress conditions. Therefore, this 4-year research program was undertaken witfritibeat §es-
tivumL.) as a model system for forage grasses, to document the potential changes in leaf N concentration in response to global
environment changes. Wheat crops grown under field conditions near Phoenix, AZ, USA, were subjected to eleyhted [CO
and either water-deficit or N-deficit treatments using large Free Air Carbon dioxide Enrichment (FACE) arrays. Surprisingly,
the elevated [Cg] treatment under optimum conditions resulted in little change in leaf N concentration. Therefore, no change
in the nutritive value of forage from highly managed pastures would be expected. Further, water-deficit treatment had little
influence on leaf N concentration. To some extent, the lack of response to the water-deficit treatment resulted because severe
deficits did not develop until late in the growing seasons. Only on one date late in the season was the water-deficit treatment
found to result in decreased leaf N concentration. The low N treatment in combination with elevaté¢dH@@ver, had a
large influence on leaf N concentration. Low levels of applied N resulted in decreased leaf N concentration underfyoth [CO
treatments, but the lowest levels of leaf N concentration were obtained under elevatddH@Ogh much of the growing
season. These results point to a potential problem with grasslands in that the nutritive value of the forage consumed by animals
will be decreased under future global environment changes. © Published by Elsevier Science B.V.
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especially critical. Leaf N concentration is an impor-
tant variable for at least two reasons: (1) The nutritive
value of the forage is dependent on leaf N content.
When plant foliage is directly consumed by animals,
leaf protein content is an important component in
determining forage nutritive value. High leaf N con-
centration is important in obtaining high growth rates
in both domestic and wild animals when forage is
their sole source of protein. (2) Carbon assimilation
is dependent on leaf N. The dependence of leap CO
assimilation rate on leaf N content has been shown
in a number of plant species, including wheat. Evans
(1983) found in wheat a common relationship be-
tween CQ assimilation rate and leaf N concentration
for plants grown under a wide range of conditions. At
a higher level of integration, crop growth character-
ized by radiation use efficiency (RUE) is also closely
linked to leaf N concentration. Fischer (1993) found
that a considerable amount of the variability in wheat
RUE within specific growth periods was attributed
to differences in shoot N concentration. Previously,
Green (1987) and Garcia et al. (1988) had found that
wheat RUE increased with increasing N fertility.
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of global environment change, it is important to un-
derstand the interactive influence of increased {CO
and water-deficit and nitrogen-deficit on leaf N con-
centration. Changes in leaf N concentration in wheat
under elevated [Cg&) and these stresses may be a use-
ful model system, particularly prior to anthesis, for
indicating the response of grasslands. Further, wheat
itself is sometimes grown as a pasture and forage crop
(Cherney and Marten, 1982).

Hocking and Meyer (1991) grew wheat in
glasshouses on sand culture at five levels of applied
nitrate and under ambient and elevated fCOhe
elevated [C@] in their experiment was 15Q01-1
so that it was substantially greater than the level
generally considered for global environment change.
In any case, for each N treatment total N per plant
increased under elevated [g]Qbut leaf reduced-N
concentration at an early stage of plant development
(Feekes Stage 10.3) decreased withy@@Arichment.
The smallest decrease in leaf reduced-N concentra-
tion with elevated [C@)] occurred at the lowest nitrate
application. The decrease in leaf reduced-N was the
greatest at nitrate applications, only slightly greater

It has been predicted that increased photoassimilatethan the lowest nitrate treatment.

accumulation in plants as a result of elevated $LO
will result in a dilution of plant N such that the N

McKee and Woodward (1994) grew wheat in con-
trolled environment chambers at four [@JGand four

concentration in the leaves will decrease (e.g., Field levels of N supply. Upper leaves harvested at the stage
et al., 1992). Indeed, a number of studies in which of flag leaf ligule-emergence had decreased N concen-
atmospheric [CQ)] has been increased has reported a trations with elevated [Cg) at all levels of N supply.
decrease in leaf N concentration (see Luo et al., 1994). Rogers et al. (1996) performed a similar experiment
This response was found explicitly in wheat by Hock- in glasshouses and harvested the youngest fully ex-
ing and Meyer (1991), Rogers et al. (1993), McKee panded leaves 36 days after sowing. They also found
and Woodward (1994), and Rogers et al. (1996). that leaf N concentration was decreased at increased
Unfortunately, nearly all past studies on changes in [COg], but that the decrease in leaf N concentration
leaf N concentration in response to increasing $£O  was much less at a high N supply than at a low N sup-
have been done under optimum fertility and water con- ply. For the entire shoot the decrease in N concentra-
ditions, and these situations rarely describe the growth tion was very low under elevated [GDwhen the N
conditions for most grasslands. That is, many man- supply was high. In a model of wheat growth under el-
aged pastures, and certainly all native grasslands, areevated [CQ] and varied levels of soil N fertility, Selig-
characterized by soils with low N fertility and they are  man and Sinclair (1995) simulated decreasing leaf N
commonly subjected to at least intermittent periods with both elevated [Cg] and decreased soil fertility.
of drought. In fact, with predicted alterations in the The investigation by Zanetti et al. (1997) offers
temporal and spatial variability of precipitation (e.g. data on shoot N concentration of a field-grown grass
Hansen et al., 1988) drought stress may occur more (Lolium perennd..) in response to the interactive ef-
frequently and/or more intensively than under current fects of elevated [Cg&) and soil N levels. They mea-
conditions. Therefore, to understand the changes in sured the N concentration of the combined harvested
productivity of grasslands, which represent a consid- shoot material through the season (several cuttings at
erable fraction of the earth’s land surface, as a result a height of approximately 5cm) of plants grown in
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Free Air Carbon dioxide Enrichment (FACE) arrays released through 32 vertical vent pipes inserted on the
that subjected the plants to either 350 or G@tol plenum. The release of G&nriched air was restricted
CO; mol~1. In each year, the N concentrations of the to those vent pipes that were upwind and the amount
total harvested material were decreased by both low of release was regulated so as to achieve a fixed]CO
amounts of N fertilization and elevated [GQtreat- at the center of each FACE ring (Pinter et al., 1996).
ments. The lowest N concentration occurred in the In the first 2 years involving the water-deficit ex-
combined treatments of low N fertility and elevated periments, the elevated [GDtreatment was fixed at
[CO2]. 550p.mol CO, mol~1. In the second 2 years involving
Unfortunately, there is virtually no information on the N experiment, the elevated [G]Qreatment was
the interaction of elevated [CD and water-deficit set at a fixed 20@mol CO; mol~! above ambient.
stress on N concentration in leaves. Akin et al. (1995) Since ambient [Cg] was about 36Q.mol CO, mol—1,
measured crude protein at only two times during a the elevated [Cg] treatment across the 4 years was
single growing season for wheat leaves sampled from approximately equal.
a FACE experiment with wet and dry treatments. For  Four replicate, elevated [C plots were estab-
both harvests, the crude protein of the leaves from the lished in the FACE arrays in each year by the time
dry plots were not significantly different from the wet of crop emergence. In addition, four identical plots
plots in each of the respective [G[otreatments. The  surrounded by toroidal plenum rings plots were es-
simulations of Seligman and Sinclair (1995) indicated tablished as control plots subjected to ambient JLCO
a substantial increase in leaf N concentration under No air was flowed through the rings in the drought
dry conditions as compared to irrigated wheat, and experiments but in the N experiments air was released
elevated [CQ] decreased leaf N concentration under from the rings at the same volume as used in the
both watering regimes. To some extent, the affects of CO,-enriched plots.
elevated [CQ] and water-deficit cancelled each other. The experimental treatments of water-deficit or
Considering the importance of leaf N concentration N-deficit were achieved by dividing the crop within
on productivity and quality of grasses, the specific each CQ-treatment ring in half. Half of each ring
objective of this study was to document the response received the complete management treatment (i.e.
of leaf N to interactive treatments of elevated [§§O  control) of irrigation or N, and the other half received
with water deficits and with N deficits. The results the deficit treatment. Therefore, there were in each
reported here contrast with most previous studies in year four replicates of each of the four treatments
that the experiments were done under natural growing (2[CO,] x 2 management levels).
conditions using FACE arrays rather than in con-
trolled enclosures involving pot grown-plants under
an artificial environment. Results on wheat leaf N con- 2.2. Crop culture
centrations through the growing season are reported
for 2 years each on the interaction of elevated }CO The soil at this location was described in detail by
and water-deficit, and elevated [gJaand N-deficit. Kimball et al. (1992). It was classified as a Trix clay
loam [fine-loamy, mixed (calcareous), hyperthermic
Typic Torrifluvents; FAO, Fluvisol]. The top 70cm

2. Materials and methods layer had a sand, silt, and clay content of 350, 310,
and 340 g kg?, respectively. Below 70 cm the soil had
2.1. FACE a higher sand content. The estimated plant available

water within a potential root zone of 1.3 m depth was
These experiments were conducted in FACE arrays 130 mm (Hunsaker et al., 1996). The organic carbon
established at the Maricopa Agricultural Center lo- concentration of the top 10 cm was only about 4 gkg
cated about 40 km south of Phoenix, AZ, USA (Pinter and essentially 0 below 30 cm.
et al., 1996). Each FACE array consisted ofa25mdi- A total of four seasons of experimentation were
ameter toroidal plenum ring that was laid on the soil undertaken involving 2 years each with an irrigation
surface after sowing the crop. G@nriched air was  variable and with a N fertilization variable. In all sea-
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Table 1
Rainfall (mm) for 10-day intervals during each of the four growing
seasons at the Maricopa Agricultural Centre, AZ

Day of Year 1993 1994 1996 1997
1-10 43 1 0 0
11-20 27 0 0 7
21-30 0 8 0 2
31-40 15 29 25 0
41-50 11 0 1 0
51-60 10 0 8 5
61-70 0 10 0 0
71-80 0 3 7 0
81-90 27 16 0 0
91-100 0 0 0 10
101-110 0 0 0 0
111-120 0 8 0 0
121-130 0 0 0 0
131-140 1 0 0 17

sons the wheat cultivar Yecora Rojo was sown in rows

spaced 0.25m apart. Maricopa has a desert climate

generally with only a few winter rain storms (Table 1).

Consequently, the crops were irrigated using drip tubes
positioned at a depth of 0.2 m in the soil and between

alternate crop rows. Fertilizer was applied in split ap-
plication with a presowing application and three or
four subsequent applications during the season.

2.3. Water-deficit experiments

The experiments with irrigation as a variable were
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2.4. Nitrogen-deficit experiments

The experiments with N fertility as a variable were
sown on 14-15 December 1995 (1996 experiment)
and on 16 December 1996 (1997 experiment). In each
season, the crop emerged near 1 January. The soll
was irrigated following sowing and subsequent irri-
gations were done according to the methods used for
the well-watered plots in previous years with the ex-
ception that the low-N treatment matured earlier and
required one less irrigation than the high-N treatment
in both years.

In the 1996 experiment, soil analysis showed that
the soil had 8gm? of ammonium plus nitrate in
the top 0.9 m, so no presowing application of N was
made. The N treatment was imposed by applying dif-
fering amounts of ammonium nitrate on 30 January,
22 Febuary, 30 March, and 18 April 1996. The high-N
treatment received on each date respectively, 5, 12.5,
12.5, and 5g Nm? for a total of 35g Nn2. The
low-N treatment received on each date respectively,
1.5, 3.0, 2.5, 0g Nm? for a total of only 7g N m?2.
Additionally, nitrate in the irrigation water resulted in
the application of 3.3 and 3.0 g NTA for the high-N
and low-N treatments, respectively.

At the onset of the 1997 experiment, about
14.5gn72 N as ammonium plus nitrate were found
in the top 0.9m of soil in the high-N plots. Appli-
cations of NHHNOs were applied through the drip
irrigation system to the high-N treatments on 30

sown on 15 December 1992 (1993 experiment) and January (5gm?), 5 March (12.5gm?2), 18 March

7-8 December 1993 (1994 experiment). Following
sowing, the soil was irrigated to insure seed germina-

(12.5gn72), and 22 April 1997 (5gm?) for a to-
tal of 35g Nn1?2 of supplemental N. In the low-N

tion. In each season, the crop emerged on or near ltreatments, preplant concentrations of ammonium

January.
The well-watered treatment was irrigated when 30%

plus nitrate were about 6.9 gTAN. The low-N treat-
ments were fertilized with NENO3 on 30 January

of the available soil water was depleted and then, the (0.5 g n12), 5 March (0.5gm?), and 18 March 1997

soil was irrigated to fully replenish the soil water. In

(0.5gnT?) for a total of 1.5gm? additional N. Ni-

the 1993 experiment, the water-deficit treatment was trate in the irrigation water added a further 4.3 and

irrigated at the same time as the well-watered plots
but with only 50% the amount of water. In the 1994
experiment, the water-deficit treatment was irrigated
only every other time that the well-watered treatment
was irrigated, but with the same amount of water as
applied to the well-watered plots per irrigation. The

3.8g Nn12 for the high-N and low-N treatments,
respectively.

2.5. Leaf N analysis

Plant harvests were begun as early as 10 days after

irrigation scheme in both years resulted in an increase emergence and were made at weekly intervals through
in the severity of the soil water-deficit as the season the season. Within each replicate of a treatment, four

progressed (Hunsaker et al., 1996).

harvest areas were identified from which six plants
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were sampled at each harvest. The plants from the concentration through the rest of the growing season.
four areas were combined to constitute a sample of 24 At the end of the season, green leaf N concentration
plants from each replication. The plants were stored on had decreased to less than 20 mg M,gwith some

ice and transported to the laboratory for cold storage. values being less than 10mg NY This overall
Usually within 4-5 days the plants were processed by seasonal pattern in wheat leaf N is consistent with
removing the leaves from the plants. Any samples that previous reports (Harper et al., 1987).

were not processed within 9 days were discarded, but Comparison of leaf N concentration under the op-
this situation occurred only in the 1993 experiment. timum management treatment (control) revealed lit-

Leaf blades were detached from the plant at the tle difference between [C£) treatments in 3 of the
ligule and the tissue was separated into two cate- 4 years. In contrast to many previous reports, leaf
gories based on their appearance: (1) ‘green’ tissuesN concentration in the 1993, 1996, and 1997 experi-
which were presumed to be physiologically active, and ments were essentially unchanged by elevated,]CO
(2) ‘nongreen’ tissues (brown or yellow) which were on many sampling dates (Figs. 1 and 2). The insensi-
senescent. When both categories were present withintivity of leaf N concentration to elevated [GPunder
a blade, tissues were cut apart into the respective frac-the high soil N fertility imposed in the control treat-
tions. Nitrogen analysis reported here was obtained
for the green leaf tissue only.

Leaves were dried at 65-70 and stored. Subse-
qguently, the green leaf material was ground and a
N analysis was done by the micro-Kjeldahl proce-
dure. Biweekly samples were analyzed for N con-
centration from the water-deficit experiments, and the
weekly samples were analyzed from the N-deficit ex-
periments. A 250 mg sample was digested using an
aluminum block digestion (Gallaher et al., 1975). Leaf e FAGE .. WELL WATERED
N concentration was expressed on a dry weight basis. o~ CONTROL - DROUGHT

A statistical analysis was done to compare treat- —e— CONTROL - WELL WATERED
ments over specific experimental periods within each
season. A repeated-measure analysis was conducteC o530 2o 5 e 7o 50 90 100 110 130 130 140 T80
in which the experiments were treated as a split-plot Day Of Year
design (main plot treatments; subplotstime) and 60
analyzed using the MIXED procedure of SAS release
6.11 (SAS Institute, 1996).
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3. Results and discussion
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Fig. 2. Seasonal leaf N concentration for wheat plants subjected
to ambient [CQ] (control) and enriched [C& (FACE) during

two seasons (1996 and 1997) that included low and high levels
of nitrogen application. The vertical bars on each datum are the
standard errors of the mean.

ments is consistent with the small change in shoot N
concentration at high N supply reported by Rogers
et al. (1996). The 1994 experiment may have been an
exceptional case because the available soil N may not
have been as high as in other years. There was substan
tial rain storm (29 mm) in mid-February 1994, which
may have resulted in a large loss of soil N. There-
fore, even for the control treatment in the 1994 there
may have been a low N supply such that a decreased
leaf N concentration resulted from the elevated (O
treatment (Fig. 1Db).

3.1. Water-deficit experiments

Water-deficits as determined by volumetric soil
water contents did not develop until about 60 days
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following crop emergence in each year (Hunsaker
etal., 1996). Therefore, a response to the water-deficit
treatment could be expressed in these experiments
only during the latter part of the seasons. Water-deficit
tended to have little influence on leaf N concentration
except on one sampling date in each year (DOY 118
in 1993 and DOY 116 in 1994). On this one day in
each year, leaf N concentration under both,G@at-
ments were decreased in the water-deficit treatments
relative to the well-watered treatments. An important
possibility in this case is that transfer of N from the
leaves to the grain may have been accelerated by
limited N uptake from the dry soil, so that on these
individual dates a decreased leaf N was observed.
Overall, however, these results did not indicate a large
interaction between elevated ¢@nd water-deficit

on leaf N concentration.

Seligman and Sinclair (1995) simulated leaf N
concentration at the beginning of grain fill for wheat
crops grown under ambient and elevated HEO
Their simulation results in a warm, dry year showed
that irrigation resulted in a slightly lowered leaf N
concentration. These results were obtained because
decreased growth with drought allowed a slight con-
centrating of N in the leaves. The lack of such a
response in the FACE experiments may be due to
the fact that little drought stress developed in these
experiments during the vegetative phase of devel-
opment. Booting (Zadoks growth stage 40) in these
crops occurred at about DOY 70 (Pinter et al., 1996),
which was only about 10 days following the develop-
ment of soil water-deficits. Neither the results from
the FACE experiment nor the simulations indicated
a major change in leaf N concentration as a result of
interactions between elevated [€J@nd water-deficit.

3.2. Nitrogen-deficit experiments

Early in the season (Day 30 and earlier), soil fertil-
ity had no influence on leaf N concentration (Fig. 2).
On these dates, leaf N concentration was decreased
in the elevated [Cg] regardless of soil N fertility.
These results are consistent with the large body of
data showing the dilution of N concentration with el-
evated [CQ] (Luo et al., 1994). Early in the season,
it is likely that the soil N availability was abundant,
even in the low fertility treatment. Consequently, leaf
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N concentration may have reflected a dilution resulting  Elevated [CQ] by itself under well-watered condi-
from high CQ assimilation associated with elevated tions and adequate soil N resulted in a decrease in leaf
[COy]. This appears to be the situation with virtually N concentration early in the season as has been ob-
all previous reports of leaf N concentration response served in many experiments (Luo et al., 1994). This
to increased [Cg]. difference was small and essentially disappeared after
After the initial crop growth, the relative leaf N  the early stages of crop development. Consequently,
concentrations among treatments shifted so that leafthese results indicate that highly managed pastures
N concentration was lower in the low soil N fertility may have virtually no change in forage protein value
treatment regardless of the [G[Areatment p < 0.01) as a result of elevated [CD
(Fig. 2). The depression in leaf N concentration in  Little interaction between elevated [GD and
the low fertility treatment relative to the high fertil-  water-deficit was detected in these experiments. The
ity treatment increased through the season until the fact that there was no drought stress early in the
late stages of crop development. The cumulative ef- cropping season may have influenced these results.
fect of N deprivation through the season as crop mass This, of course, may be similar to many situations
increased apparently resulted in the relatively greater where there is a winter recharge of soil water that
decrease in leaf N concentration under the low soil N allows early season growth to occur in the absence of
fertility treatment. water-deficit. Although there is still a need for more
Under low soil N fertility, elevated [Cg] resulted data on the interaction of [CDand water-deficit on
in decreased leaf N concentration relative to ambient leaf N concentration, the results from these experi-
[CO2] on a number of sampling dates during the sea- ments indicated that this interaction is not likely to be
son (Fig. 2). These results are likely to have happened a major factor in determining forage N content under
because of the dilution effect (Luo et al., 1994). Accu- global environment change.
mulation of dry matter was facilitated by the elevated  Soil N fertility had a substantial influence on leaf
[COo] but there was no additional N available from N concentration with low soil N fertility resulting in
the soil in the low N fertility treatment, and conse- decreased concentration. Importantly, the interaction
guently, the increase in plant mass was not matched by of elevated [CQ] and low soil N resulted in a leaf N
a greater uptake of N. These data highlight the impor- concentration that was lower than what resulted from
tant finding that the interaction of elevated [€J@nd either factor by itself. This result is particularly sig-
low soil N fertility resulted in lower leaf N concen- nificant because native grasslands that support a con-
tration (p < 0.01) than resulted from either treatment siderable portion of domestic animal production, and
independently. The greater decrease in leaf N con- all of native grazing animals, are unfertilized. There-
centration with elevated [C£)and low soil N supply fore, these results indicate that the nutritive value of
is consistent with the glasshouse studies of Rogers native grasslands as reflected by leaf N concentration
et al. (1996) and the FACE studies withperenneof may decrease under global environment change. As a
Zanetti et al. (1997). consequence, animal production and grazing patterns
may be negatively influenced by global environment
changes associated with decreased quality of the grass
4. Conclusions forages.
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